1. Introduction {#s0010}
===============

A challenge for establishing the most thermodynamically stable polymorph of an active pharmaceutical ingredient (API) in the oral marketed formulations has been rising continuously in the recent years, since different pharmaceutical polymorphs may alter its physicochemical properties and result in various pharmaceutical, therapeutic, legal and/or commercial problems [@bib0010], [@bib0015], [@bib0020], [@bib0025]. In fact, an API in each solid dosage form ideally receives regulatory approval for only a single crystal form or polymorph and avoids any polymorphic transition in the formulation during the manufacturing process and storage [@bib0030], [@bib0035]. According to the FDA\'s ANDAs guidance, polymorphic forms refer to crystalline, amorphous forms, solvate and hydrate forms [@bib0040]. More than one-third of drugs used in the pharmaceutical industry possess various polymorphs, and approximately at least one-third of which have been reported to have hydrate form in various pharmacopeias [@bib0045], [@bib0050].

Generally, pharmaceutical hydrates exhibit a wide range of physical and chemical properties, solubility, stability, and bioavailability [@bib0055], [@bib0060], [@bib0065]. The hydrate formation/dehydration may occur during various pharmaceutical unit operations or during normal storage of the finished product, in which the phase transition is frequently encountered [@bib0070], [@bib0075]. Since the dehydration-induced phase transition is accompanied by a change in the physicochemical properties, different dehydration conditions can have an effect on the behavior of the final product [@bib0080]. When the hydrates are dehydrated, the type of hydrate and the processing condition used will result in a certain type of dehydrated hydrate whose properties can be slightly different from the pure anhydrate [@bib0080], [@bib0085]. Classic dehydration kinetics is treated as a solid-state reaction, many solid-state kinetic studies on desolvation reactions or polymorphic transformations have gained much interest in the preformulation and formulation design [@bib0075], [@bib0090], [@bib0095], [@bib0100]. Due to the dehydration process that may cause a structural change and consequently change the solubility, stability, and bioavailability of the APIs [@bib0015], [@bib0105], [@bib0110], [@bib0115], [@bib0120], it is necessary to understand the hydration or dehydration behavior of a hydrated drug substance in the development of a stable drug formulation.

Aspartame (l-aspartyl-l-phenylalanine methyl ester, APM) is a dipeptide sweetener extensively used in the food, beverage, and pharmaceutical industries [@bib0125], [@bib0130]. APM was reported to have a variety of solvatomorphic forms, that are one anhydrous form, two hemihydrate forms (Forms I and II) and a dihemihydrate [@bib0135], [@bib0140], [@bib0145]. Now, the commercially available APM is hemihydrate corresponding to Form II. As an approved excipient, APM has been successfully applied in many compressed solid dosage forms from 1.1 mg to 65 mg per unit [@bib0130]. However, APM in the solid state may easily form a diketopiperazine derivative (DKP) via intramolecular cyclization reaction, which is a key degradation product of APM during long-term storage [@bib0150], [@bib0155], [@bib0160]. Numerous investigations have focused on the isothermal and non-isothermal analyses of solid-state stability of APM [@bib0150], [@bib0155], [@bib0165], [@bib0170], [@bib0175]. However, there were less studies directed on the kinetics and/or energy changes in the dehydration process of APM hemihydrate [@bib0135], [@bib0145].

Thermal analysis is a well-known technique for characterization of APIs in terms of structural and stability investigations [@bib0175], [@bib0180], [@bib0185], differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) are respectively used to measure the changes in enthalpy or weight of different APIs or excipients as a function of temperature over time [@bib0175], [@bib0180], [@bib0185]. In addition, a powerful analytical technique by combining a DSC with the Fourier Transform Infrared (DSC-FTIR) microspectroscopy can give simultaneously thermodynamic and spectroscopic information of a sample and may serve as an accelerated stability test in preformulation study [@bib0160], [@bib0190], [@bib0195]. Several compounds such as linsinopril dihydrate, trehalose dihydrate, raffinose pentahydrate and metoclopramide HCl monohydrate had been investigated by above three thermal analyses in our previous studies [@bib0200], [@bib0205], [@bib0210], [@bib0215]. In the present studies, the thermal characteristics and stability, and dehydration kinetics of APM hemihydrate were investigated by the above three thermal analytical techniques. Particularly, the activation energy of the dehydration process of APM hemihydrate was also non-isothermally estimated by TGA technique. In addition, by smearing a small amount of sample on one piece of KBr disk prepared for DSC-FTIR microspectroscopic study was also attempted.

2. Materials and methods {#s0015}
========================

2.1. Materials {#s0020}
--------------

Aspartame (APM) hemihydrate (C~14~H~18~O~5~N~2~⋅0.5H~2~O) was purchased from Tokyo Kasei Indus. Co. Ltd. (Tokyo, Japan) and was used without further treatment. KBr crystals for disk preparation were purchased from JASCO Spectroscopic Co. Ltd. (Tokyo, Japan).

2.2. Differential scanning calorimetry (DSC) {#s0025}
--------------------------------------------

Approximately 5--7 mg of each APM sample was placed inside the DSC pan for thermal analysis. All the DSC thermograms of APM samples were respectively determined by using differential scanning calorimetry (DSC Q20, TA Instruments, Inc., New Castle, DE, USA) from 30 to 285 °C at different heating rates with an open pan system under nitrogen purge at 30--40 ml/min. These non-isothermal studies were performed at the following heating rates: 1, 3, 5, 10 and 15 °C/min. The instrument was calibrated for temperature and heat flow using a high-purity indium as a standard.

2.3. Thermogravimetric analysis (TGA) {#s0030}
-------------------------------------

Thermogravimetric analysis (TGA Q50, TA Instruments, Inc., New Castle, DE, USA) was also used to determine the weight loss in the open system with a nitrogen purge at 30--40 ml/min. A quantity of 5--7 mg of APM sample was used for each test. Non-isothermal experimental runs were performed at five different heating rates of 1, 3, 5, 10 and 15 °C/min. Prior to the experimental runs, the instrument was calibrated for precise temperature and weight readings.

2.4. Karl Fischer titration {#s0035}
---------------------------

The water content of the solid forms of APM hemihydrate was determined by Karl Fischer moisture titrator (MKC-520, Kyoto Electronics Manufacturing Co. Ltd., Tokyo, Japan). Samples (5--7 mg) were accurately weighed and quickly transferred to the titration vessel containing dehydrated methanol prior to titration, stirring for 1 minute and titrating to the end-point with Karl Fischer reagent.

2.5. DSC-FTIR microspectroscopic study {#s0040}
--------------------------------------

A small amount of APM hemihydrate powder was previously smeared on one piece of KBr disk prepared and then carefully pressed by an IR spectrophotometric hydraulic press (Riken Seiki Co., Tokyo, Japan) under 400 kg/cm^2^ for 15 s. This compressed KBr disk was then placed directly onto a micro hot stage (DSC microscopy cell, FP 84, Mettler, Greifensee, Switzerland) and directly determined by FTIR microspectroscopy (IRT-5000-16/FTIR-6200, Jasco Co., Tokyo, Japan) with a mercury cadmium telluride (MCT) detector. The operation was performed in the transmission mode. FTIR spectra were generated by co-addition of 256 interferograms collected at 4 cm^−1^ resolution. The temperature of the DSC microscopy cell was monitored with a central processor (FP 80HT, Mettler, Switzerland). The heating rate of the DSC assembly was controlled at 3 °C/min under ambient conditions. The compressed KBr disk was previously equilibrated to the starting temperature (30 °C) and then heated from 30 to 300 °C. At the same time, the thermal-responsive IR spectra were recorded when the sample disk was heated on the DSC micro hot stage.

3. Results and discussion {#s0045}
=========================

3.1. Identification of APM sample determined by DSC and TGA techniques {#s0050}
----------------------------------------------------------------------

[Fig. 1](#f0015){ref-type="fig"} shows the DSC thermogram and TGA curve of APM sample determined by using a heating rate of 1 °C/min. It clearly indicates that four endothermic peaks at 47, 111, 173 and 232 °C, and one exothermic peak at 122 °C were observed in the A\~D regions of DSC thermogram for APM sample. The former two DSC endothermic peaks at 47 and 111 °C in the A\~B regions were due to the evaporation of absorbed water and dehydration of hemihydrate, which were confirmed by the total weight loss of 3.23% (w/w) in TGA curve before 150 °C. The weight loss of 1.89% (w/w) that occurred in the temperature range of 100--150 °C was corresponded to the exact dehydration from APM hemihydrate to APM anhydrate, whereas the initial weight loss at approximately 1.34% (w/w) between 30 and 100 °C was due to the evaporation of adsorbed water and partial dehydration from APM hemihydrate. Here, the total weight loss of water below 150 °C is 3.23% (w/w), was close to the Karl Fischer titration value of 3.76% (w/w) for APM hemihydrate. Since the theoretical water content of pure APM hemihydrate (excluding absorbed water) is 2.97% (w/w), this indicates that about 0.26% (w/w) absorbed water on the surface of APM hemihydrate was determined by TGA method. This demonstrates that the APM sample used in the present study was hemihydrate form, which was consistent with the commercially available APM hemihydrate (Form II) used in other studies [@bib0135], [@bib0140].Fig. 1DSC thermogram and TGA curve of APM sample determined using a heating rate of 1 °C/min.Fig. 1

Another two endothermic peaks at 173 and 232 °C in the C\~D regions corresponded to the DKP formation due to intramolecular cyclization in the APM anhydrate and the melting point of DKP, respectively. Obviously, the corresponding TGA curve illustrates that the 13.21% (w/w) of weight loss within 150--200 °C was attributed to the loss of methanol molecule with the formation of DKP from the APM anhydrate via intramolecular cyclization [@bib0135], [@bib0140], [@bib0165], [@bib0170]. This is consistent with the results of Leung and Grant that APM anhydrate underwent a cyclization reaction which involved an intramolecular aminolysis with release of methanol to form the cyclic compound DKP [@bib0150], However, this value of 13.21% (w/w) somewhat deviated from the theoretical weight loss of methanol (10.55% (w/w)). This might possibly be because a small amount of residual water was held either by strong ion-dipole interactions between zwitterionic aspartame and dipolar water molecules or by occlusion onto the hydrophobic surface of the tiny crystallites in the inner columnar structure of the crystals [@bib0135], [@bib0220].

The weight loss of 29.13% (w/w) beyond 200 °C was mainly attributed to the degradation of DKP. On the other hand, an exothermic peak at 122 °C was also observed, which was corresponded to the crystallization of some amorphous APM produced by dehydration process of the hemihydrate [@bib0225]. The formation of some amorphous content in the APM mixture within the temperature range of 100--150 °C had been confirmed by variable temperature X-ray powder diffractometry [@bib0225]. This exothermic peak in the DSC thermogram was also observed in the DSC results of Leung et al. [@bib0135].

3.2. Non-isothermal dehydration study by TGA technique {#s0055}
------------------------------------------------------

It is well-known that the Flynn--Wall--Ozawa (FWO) method is one of the model-free methods to study the solid-state kinetic parameters in solid-state interactions via isoconversional calculation for non-isothermal studies [@bib0230], [@bib0235], [@bib0240]. The FWO method involves measuring the temperatures corresponding to fixed values of conversion (α) from experiments at different heating rates through an isoconversional approach based on the Doyle approximation [@bib0245], [@bib0250]. This is one of the integral approaches used to calculate the apparent activation energy (*Ea*) without prefixing the reaction order as given by:$$\log\beta = \log\left\lbrack {{ZEa}/{f\left( \alpha \right)R}} \right\rbrack - 0.457\,\left( {{Ea}/\text{RT}} \right) - 2.315$$where, β, heating rate; Z, pre-exponential factor; *Ea*, activation energy (J/mol); R, gas constant; *f*(α), the integral conversion function; T, temperature (K) at constant conversion.

For a constant conversion, a plot of natural logarithm of heating rates, log β, versus 1/T obtained from thermal curves recorded at different heating rates will be a straight line whose slope (−0.457 (*Ea*/R)) allows evaluation of the activation energy.

In this study, the non-isothermal dehydration studies based on the FWO method were performed at the following heating rates: 1, 3, 5, 10, and 15 °C/min by using DSC and TGA determinations. [Fig. 2](#f0020){ref-type="fig"} displays the DSC thermograms and TGA curves of APM hemihydrate determined by five heating rates of 1, 3, 5, 10, and 15 °C/min. Clearly, the effect of different heating rates on the shifting of peak temperatures in the DSC thermograms was distinctly shown. By increasing the heating rates, all the peak positions either exothermic or endothermic peaks shifted toward the higher temperatures because it had less time at any specific temperature [@bib0255], [@bib0260]. In the TGA curves, however, the weight loss was about 1.71%--1.89% (w/w) within 100\~150 °C due to dehydration and was about 13.11%--13.21% (w/w) within 150--200 °C attributed to intramolecular cyclization, respectively. They are almost constant in each temperature range. The TGA data will be used for the determination of the activation energy using the FWO method.Fig. 2DSC thermograms and TGA curves of APM hemihydrate determined by different heating rates.Fig. 2

These different profiles for mass loss and conversion levels (α) of APM hemihydrate at different heating rates are shown in [Fig. 3](#f0025){ref-type="fig"}. Similar mass loss profiles were observed. The temperature ranges were shifted to higher temperatures as the heating rate increased. In addition, linear plots of log β versus 1/T corresponding to nine conversion levels (α = 10%--90%) by the FWO method are also obtained ([Fig. 4A](#f0030){ref-type="fig"}). All the plots have a strong negative linear relationship (r^2^ \> 0.99) except 10% conversion line. The apparent activation energies (*Ea*) were calculated from the slope of a linear regression line for a particular *α.* The variation in apparent *Ea* calculated with various conversion levels is shown in [Fig. 4B](#f0030){ref-type="fig"}. Obviously, the *Ea* decreased as the reaction progresses at low conversion, which was related to the characteristics of reversible thermal decomposition processes like dehydration [@bib0265]. Except 10% conversion, all the *Ea* data for the dehydration process of APM hemihydrate were similar and calculated to be 218 ± 11 kJ/mol. This value was well close to that of the 214 kJ/mol reported by Rastogi et al. using variable temperature X-ray powder diffractometry [@bib0225], indicating the reliability of this TGA technique for evaluation of dehydration kinetics of APM hemihydrate.Fig. 3Typical TGA curves (upper) and α-T plots (lower) for the thermal dehydration of APM hemihydrate at different heating rates.Fig. 3Fig. 4The FWO plots (A) and the plot of *Ea* versus *α* (B) for the thermal dehydration of APM hemihydrate at different heating rates.Fig. 4

3.3. Non-isothermal DSC-FTIR microspectroscopic study {#s0060}
-----------------------------------------------------

Recently, a powerful analytical technique by combining a thermal analyzer with the FTIR (DSC-FTIR) microspectroscopy has been widely used in various fields for giving simultaneous thermodynamic and spectroscopic identification of different materials [@bib0160], [@bib0190], [@bib0195], [@bib0270], [@bib0275]. In our laboratory, this unique simultaneous DSC-FTIR microspectroscopy has been considerably applied to rapidly examine the thermal-induced characterization of intramolecular cyclization of diketopiperazine or anhydride formation, lactamization or decarboxylation, and polymorphic interconversion and co-crystal formation of polymers or drugs in the solid state [@bib0160], [@bib0165], [@bib0170], [@bib0190], [@bib0195], [@bib0275], [@bib0280], [@bib0285], [@bib0290].

In the present study, only a very small amount of APM sample was used and smeared on one piece of KBr disk prepared and then carefully pressed by an IR spectrophotometric hydraulic press. This method was different from that of our previous studies by sealing and pressing APM sample within two pieces of KBr disks [@bib0165], [@bib0170]. Obviously, the FTIR peak intensities of APM hemihydrate made by pressing it on one piece of KBr disk are sharper than that of the sample sealed within two pieces of KBr disks. The FTIR spectral changes of APM hemihydrate prepared from one piece of KBr disk were more clearly observed, as compared with our previous reports [@bib0165], [@bib0170].

Thermal-dependent three-dimensional FTIR plots of APM hemihydrate in the heating process are displayed in [Fig. 5](#f0035){ref-type="fig"}. Before heating (at 30 °C), several characteristic FTIR absorption bands at 3310 cm^−1^ (hydrogen-bonded N---H stretch), 3066--2951 cm^−1^ (aromatic and aliphatic C---H stretch), 1738 and 1662 cm^−1^ (CC000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000CO stretch of ester and amide I), 1587 cm^−1^ (*asy*COO^−^ stretch), 1551 cm^−1^ (N---H bend of amide II), 1496 cm^−1^ (CC stretch of aromatic benzene ring), 1447 cm^−1^ (aromatic C---C stretch), 1383 cm^−1^ (C---H bend), 1367 cm^−1^ (*sy*COO^−^ stretch), 1261 cm^−1^ (methoxyl group), and 1229 cm^−1^ (C---O stretch of ester) were observed in the FTIR spectrum of APM hemihydrate [@bib0135], [@bib0140], [@bib0295].Fig. 5Thermal-dependent changes in three-dimensional FTIR plots of APM hemihydrate and its changes in FTIR peak intensity of several specific peaks.Fig. 5

As the temperature of the sample was increased, all the FTIR spectral positions and peak intensities were maintained for a period of time and then altered. Some positions and intensities of FTIR peaks were gradually changed with temperature. The thermal-dependent changes in three-dimensional FTIR plots of APM hemihydrate are clearly displayed in [Fig. 5](#f0035){ref-type="fig"}. Before 150 °C, several unique IR peaks at 3310, 1587, 1551 1383, 1367, 1261 and 1229 cm^−1^ were gradually shifted and disappeared with the increase of temperature. This was attributed to the thermal-induced reduction of the hydrogen bonding among water, NH^+^~3~ and COO^−^ of APM hemihydrate within 50\~100 °C ranges and the thermal-induced dehydration from APM hemihydrate to APM anhydrate in a temperature range between 100 and 150 °C ([Fig. 6](#f0040){ref-type="fig"}). The appearance of 3337 cm^−1^ (free N---H stretch) shifted from 3310 cm^−1^ (hydrogen-bonded N---H stretch) was corresponded to the thermal-induced evaporation of free absorbed water and dehydration of APM hemihydrate ([Fig. 5](#f0035){ref-type="fig"}).Fig. 6The continuous pathway for the absorbed water evaporation and dehydration process of APM hemihydrate.Fig. 6

When the temperature was beyond 150 °C, however, the three-dimensional FTIR plots were significantly changed. In particular, the IR peak at 3337 cm^−1^ assigned to the asymmetric stretching vibration of free NH~2~ disappeared, but two new peaks at 3199 and 3081 cm^−1^ corresponding to the stretching NH of 3-carboxymethyl-6-benzyl-2,5-diketopiperazine (DKP) appeared [@bib0135], [@bib0140], [@bib0160], [@bib0165], [@bib0170]. In addition, the peak at 1738 cm^−1^ due to the carbonyl group of ester disappeared gradually but a new peak at 1719 cm^−1^ assigned to the carbonyl CCCO of carboxylic acid slowly increased. Moreover, the peak at 1662 cm^−1^ corresponding to the amide CCCO of APM also shifted to the 1668 cm^−1^ of DKP CCCO with an intensity which was twice stronger due to the two diketones formed in the DKP ring. The amide II-related N---H peak at 1542 cm^−1^ shifted from 1551 cm^−1^ also disappeared, possibly due to the complete formation of DKP. With the liberation of methanol from the APM molecule, the peaks at 1383 (C---H bending), 1261 (methoxyl group) and 1229 cm^−1^ (C---O stretch of ester) disappeared, and the peaks at 1281, 1097, 1009 and 925 cm^−1^ assigned to C---N and lactam ring stretchings of DKP gradually appeared. The changes in FTIR peak absorbance were clearly observed for IR peaks at 3199, 1281, 1229 and 1097 cm^−1^. Once the temperature was raised over 240 °C, the DKP products began to decompose extensively [@bib0150], [@bib0295]. This suggests that the simultaneous DSC-FTIR combined technique could easily confirm the dehydration and intramolecular cyclization of DKP formation from the solid-state APM hemihydrate in a single-step treatment.

4. Conclusions {#s0065}
==============

The thermal characteristics and the dehydration kinetics of APM hemihydrate and DKP formation of APM anhydrate were successfully studied using DSC, TGA and DSC-FTIR microspectroscopy with non-isothermal techniques. One exothermic and four endothermic peaks were observed in the DSC thermogram of APM hemihydrate. In addition, the activation energy of dehydration process was about 218 ± 11 kJ/mol determined by TGA method. The thermal-dependent structural re-arrangement of the APM molecule was clearly and stepwise observed from the changes in the FTIR spectra using DSC-FTIR determination. Rapid and simultaneous detection of both dehydration and intramolecular cyclization processes for solid-state APM hemihydrate after smearing on one piece of KBr disk were clearly evidenced by DSC-FTIR microspectroscopy.
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